Dielectric-graphene-dielectric (DGD) structure has been widely used to construct optical devices at infrared region with features of small footprint and low-energy dissipation. The optical properties of graphene can be manipulated by changing its chemical potential by applying a biased voltage onto graphene. However, the excitation efficiency of surface wave on graphene by end-fire method is very low because of large wavevector mismatch between infrared light and surface wave. In this paper, a dielectric-semiconductor-dielectric (DSD) tapered waveguide with magnetic tunability for efficient excitation of surface waves on DGD at infrared region is proposed and analyzed. Efficient excitation of surface waves on DGD with various chemical potentials in graphene layer and incident frequencies can be attained by merely changing the external magnetic field applied onto the DSD tapered waveguide. The electromagnetic simulations verify the design of the proposed structure. More importantly, the constituent materials used in the proposed structure are available in nature. This work opens the door toward various applications in the field of using surface waves.
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In this work, a semiconductor tapered waveguide with magnetic tunability for efficient end-fire excitation of gaphene surface waves at infrared region for the demand of real application is proposed and analyzed. High coupling efficiency of excitation of graphene surface waves with different chemical potentials in graphene layer and different incident frequencies can be attained by merely changing the external magnetic field applied onto the tapered waveguide. Compared to previous investigations, this work focuses on adding another degree of freedom for manipulating the coupling efficiency between semiconductor surface waves and graphene surface waves by applying an external magnetic field. Figure 1 (a,b) plot the proposed indium antimonide (InSb)-based tapered waveguide and its side-view (in xy-plane), respectively. The tapered waveguide that consists of five dielectric-semiconductor-dielectric (DSD) elements (the semiconductor material is InSb) is placed in front of dielectric-graphene-dielectric (DGD) structure. (DSD and DGD use the same dielectric substrate). The relative permittivity of the substrate (i.e. the lower dielectric of DSD and DGD), ε 2 , is set to 3.0. The external magnetic field is applied along the z-direction (i.e. the Voigt configuration). Using the end-fire excitation, this configuration can significantly increase the extinction ratio and mimic a momentum matched environment (between surface waves on taper waveguide and on graphene). In the simulation, the TM-polarized plane wave (the electric field is parallel to y-axis) is launched at the beginning of the tapered waveguide (i.e. x = 0 ) ( Fig. 1(a) ). The dispersion relation of the surface waves propagating on tapered waveguide in the presence of an applied external magnetic field is also investigated. By suitably choosing the magnitude of applied external magnetic field, this proposed design can efficiently excite the graphene's surface wave at different chemical potentials (by applying different biased voltages to graphene) and different incident frequencies.
When the external magnetic field is applied onto InSb, its dielectric constant becomes a dielectric tensor whose components depend on the magnitude of magnetic field. Therefore, the optical property of InSb can be manipulated by the applied magnetic field. This is the physical mechanism of magnetic tunability for the proposed structure. The simulated dielectric tensor of InSb under Voigt configuration is expressed as ,
; ω is the angular frequency of incident wave; γ, ω = 1/2 denote the collision frequency, cyclotron frequency and plasma frequency, respectively, where e, m* and N represent the electron charge, the effective mass and the electron density of free electron, respectively, and B is the magnitude of applied external magnetic field; and ε ∞ (ε 0 ) is the high-frequency (vacuum) permittivity. In our simulation, the parameters of InSb at room temperature are set to = . × . Notably, the collision frequency is assumed a constant in the simulation. The increase of collision caused by electron cyclotron motion has been considered in the dielectric tensor of InSb, Eq. (1).
For modeling the monolayer graphene, the numerical formula for conductivity (from Kubo formula) and relative permittivity are described as below, respectively [30] [31] [32] [33] [34] , 
where e,  and k B are the electron charge, Plank's constant and Boltzman's constant, respectively. In Eq. (2), T is the temperature in Kelvin, which is fixed to 300 K in this investigation; µ c is the chemical potential, which can be electrically controlled by applying biased voltage onto graphene, and hence leads to a voltage-tuned value; τ Γ = = . /2 0 1meV  , which is related to the electron-phonon coupling loss 31, 35 . In Eq. (3), ∆ denotes the graphene thickness and is set to 1 nm in this study. (The effective refractive index obtained from ∆ = 1 nm (shown in Fig. 2(a) ) is almost the same as that from theoretical calculation in literature 36 ). The carrier mobility of graphene used in this work is 51400 cm 2 V −1 s −1 , which is calculated from Γ = . 0 1meV (collision frequency in unit of energy). This value is within the typical range of graphene carrier mobility shown in the literature 37 . The physical mechanism of efficient excitation of graphene surface wave in the proposed semiconductor tapered waveguide is described as follows. First, the surface waves on the first section of DSD are effectively excited by a plane wave normally incident upon the end face of tapered waveguide (i.e. the end-fire method). (In our simulation, the plane wave will be placed at the beginning of tapered waveguide, i.e. x = 0). This effective excitation of surface wave is ascribed to a much smaller wavevector mismatch between incident light and surface wave. Second, the surface waves propagate in the tapered DSD with wavelength compression due to the gradual increase of their wavevectors. Since InSb is a lossy material (the loss is modeled by the collision frequency in the simulation), the decay of surface waves on the tapered DGD is inevitable. Finally, the graphene surface waves on DGD are efficiently excited at the interface between the fifth section of DSD and DGD because of their wavevectors close to each other. The magnetic tunability of the tapered DSD stems from the fact that the applied magnetic field can manipulate DSD's dispersion curve.
Results
Figure 2(a) presents the dispersion curves of light in free space and surface wave on DGD with chemical potential of graphene µ c = 0.1 eV 17 . Figure 2 (a) exhibits that the difference of wavevectors between light line (solid red line) and surface wave on DGD (dashed green line) is quite large. Note that, the difference of wavevector at the same operating frequency becomes even larger as the value of µ c decreases, as shown in Fig. 3(a) . Inset of Fig. 2(a) plots the simulated real part of z-component magnetic field (Hz) contours of surface wave on DGD at angular frequency of 26.8 × 10 12 rad/s, which is excited directly by the end-fired method. In the simulation, the TM-polarized plane wave (the electric field is parallel to y-axis) is launched at the beginning of DGD structure (i.e. x = 0). However, the coupling efficiency is only 5.53%. (The method to determine coupling efficiency is listed in Methods). (the incident TM-polarized plane wave is also placed at the beginning of DSD structure). It implies that using several DSD structures with gradually decreasing d in front of graphene can effectively reduce the wavevector mismatch for exciting surface wave on graphene. Furthermore, since the thickness of InSb layer is larger than that of monolayer graphene, the extinction cross section of the DSD-graphene composite structure also increases. After the surface wave is excited at position of x = 0 (shown in Fig. 1(a) ), its wavelength is gradually reduced as it propagates along the taper waveguide (x-direction) while the coupling efficiency become larger than that by directly exciting on the monolayer graphene. In order to facilitate comparison with the literature, the dispersion curves in Fig. 2 are also plotted in the form of wavenumbers (cm Fig. 3(a) ) at 26.8 × 10 12 rad/s. Therefore, the surface wave on graphene with µ c = 0.1 eV can be excited by using a DSD with d = 80 nm at this frequency. Figure 3 (a) also exhibits that, at the same incident frequency, the wavevectors of surface wave on DSD increase with the reduction of d. Worth to mention that, the values of µ c can be modulated by changing the external biased voltage applied onto graphene 16, 17, 38 . Insets (i), (ii), and (iii) of Fig. 3 (a) present the simulated real part of Hz field contours of DGD with different values of µ c at incident frequency of 26.8 × 10 12 rad/s. They reveal that the surface waves on graphene become more difficult to be directly excited by end-fire method (i.e. the coupling efficiency becomes smaller) as µ c decreases. These results are ascribed to that the reduction in µ c leads to the increase in difference between wavevectors of DGD and light, as shown in Fig. 3 (a) . Figure 3(b) displays that, for a fixed incident frequency, the wavevector of excited surface wave on DSD increases with the magnitude of B. Insets (i), (ii), and (iii) of Fig. 3 (b) present real part of Hz field contours of DSD with B = 0, 1, and 1.67 Tesla, respectively, at incident frequency of 28.6 × 10 12 rad/s. They confirm that the surface waves can propagate on DSD structure and the wavelength decreases with the increase of B's magnitude. Comparing Fig. 3(a,b) indicates that, DSD with B = 0 is suitable as a waveguide connector to efficiently excite the surface wave on graphene with its µ c equal to 0.1 eV at frequency of 28.6 × 10 12 rad/s. When µ c in graphene layer is reduced to 0.06 eV, the surface wave on graphene at the same frequency can be excited by using the same DSD waveguide but with the magnitude of B between 1 and 1.67 Tesla. Fig. 4(a-c) are 7%, 52% and < 1%, respectively). Figure 4 reveals that the intensity of excited surface wave (the coupling efficiency) reaches a maximum at B = 1.33 Tesla. This result is ascribed to that the dispersion curves of surface waves on DGD with µ c = 0.06 eV and on the fifth section of DSD with B = 1.33 Tesla are very close to each other at this incident frequency (see Fig. 3(a,b) ). Therefore, efficient excitation of surface waves on DGD with changeable µ c can be attained by using the proposed DSD waveguides with applying an appropriate Scientific RepoRts | 6:28799 | DOI: 10.1038/srep28799 magnitude of magnetic field onto it. Notably, the external magnetic field considered in this work has little effects on DGD's dispersion curves because of atomically thin graphene monolayer.
Finally, the frequency tunability of surface wave on DGD that is excited by using the proposed tapered DSD waveguide is examined. Figure 5 plots the dispersion curves of DGD (µ c = 0.1 eV) and DSD (B = 0, 1 and 1.67 Tesla). Here the DSD structure is the same as the fifth section of the proposed tapered waveguide (d 5 = 80 nm, the 5th-DSD in Fig. 1(b) ). Figure 5 indicates that the frequency of the intersection point of the dispersion curves decreases with the increase of B's value. As a result, applying an external magnetic field on DSD can extend the operating frequency over a broad range. Furthermore, Fig. 5 also implies that surface wave of 30 ×10 12 rad/s cannot be excited by using the tapered waveguide because of no intersection between the dispersion curves (symbol All the results agree with the prediction of dispersion curves in Fig. 5 . As we have mentioned, the coupling efficiency for surface wave on DGD by direct end-fire excitation at 26.8 × 10 12 rad/s is very small (5.53%) due to momentum mismatch between surface wave on DGD and light line. However, when the tapered waveguide is adopted, the coupling efficiency at the same frequency increases to 68.7% (insets (ii) of Fig. 5, B = 0) . For 23 and 17.2 × 10 12 rad/s with B = 1 and 1.67 Tesla, respectively, the coupling efficiencies of surface waves on DGD are also substantially improved (insets (iii) and (iv) of Fig. 5 ). The intersection of dispersion curves in Fig. 5 also reveals that the surface waves on DGD and DSD have the same wavelengths at the frequencies of interception points. The simulation results shown in insets (ii), (iii), and (iv) of However, changing the constituent parameters of DSD is very inconvenient in practical applications. Here we demonstrate that the frequency manipulation in the proposed structure can be accomplished by only tuning magnitude of the applied magnetic field.
The dispersion curves of surface wave on DGD with µ c between 0.1 eV and 0.5 eV are also calculated. These dispersion curves show that the difference of wavevectors between light and surface wave on DGD decreases as the value of chemical potential increases (see Supplementary information, Fig. S2 ). Here the simulation results have demonstrated that the proposed structure can efficiently excite the surface waves on DGD with µ c = 0.1 eV in graphene. Then, the surface waves on DGD with larger µ c in graphene (e.g. µ c = 0.5 eV) can also be efficiently excited by using a similar structure.
In this work, parylene thin film can be used as the substrate in our proposed design. Its relative permittivity is close to 3.0 at the operating frequencies 40 . Parylene thin film will be deposited on InSb wafer by using the chemical vacuum deposition method first. Then, the tapered structure with various thicknesses can be fabricated on the other side of InSb wafer by using the electron beam lithography and followed by the reactive ion etching to remove unneeded InSb. How the substrate material affects the surface waves on DGD is also considered. The dispersion curves of surface waves on DGD with various values of ε 2 are calculated. They reveal that the difference of wavevectors between light and surface wave on DGD decreases as the value of ε 2 decreases (see Supplementary information, Fig. S3 ).
Discussion
In summary, the DSD tapered waveguide with magnetic tunability for efficient excitation of surface waves on DGD at infrared region is proposed and analyzed. Excitation of surface waves on DGD with various chemical potentials in graphene layer and incident frequencies can be attained by merely changing the values of external magnetic field applied onto the DSD tapered waveguide. The FEM electromagnetic simulations verify the design of the proposed structure. More importantly, the constituent materials used in the proposed structure are available in nature. Hence, our methodology can be applied in the field of use of surface waves, such as multi-functional material (device), real-time subwavelength imaging, and high-density optoelectronic components. It will provide us a path to overcome the major issue of energy dissipation of surface waves in conventional metallic material (such as gold, aluminum, and silver).
Methods
All the simulated results shown in Figs 2-5 are obtained by using commercial electromagnetic software COMSOL Multiphysics based on the finite element method (FEM). The perfectly matched layers (PML) are used in all propagating directions.
The dispersion relation of surface wave on each three-layered DSD structure without applying the external magnetic field is described as, where
2 is the wavevector perpendicular to the interface in the upper (middle, lower) medium with the relative permittivity of ε 1 (ε s , and ε 2 ).
When the external magnetic field is applied onto the DSD structure, the dispersion relation is transformed into the following form: where γ 1 
, which is the Voigt dielectric constant. (The derivation of dispersion relation is given in Supplementary information, 4) .
The coupling efficiency of excitation of surface wave on DGD is defined as η = − P P P ( ) / SW i 0 , where P SW is the time-averaged Poynting power of the surface wave on DGD; P 0 is the same time-averaged Poynting power except that the graphene layer is removed (i.e. only the substrate is left in the simulation); and P i represents the time-average Poynting power at the starting position of the tapered waveguide (i.e., the power that enters the tapered waveguide). P SW , P 0 and P i are all acquired from the simulated field distribution contours.
